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The TwitcherMouse
An Alteration ofthe Unmyelinated Fibers in the PNS
S. KOBAYASHI, MD, M. KATAYAMA, MD,
J. SATOH, MD, K. SUZUKI, MD, and K SUZUKI,MD
The twitcher is an authentic murine model ofgloboid
cell leukodystrophy (GLD) in man. Extensive demye-
lination of the central and peripheral nervous systems
(CNS and PNS) characterizes the neuropathologic fea-
tures of GLD. In the common peroneal nerve of the
twitcher, where demyelination was extensive, pro-
nounced morphologic and quantitative alterations
were noted in the unmyelinated fibers. They were 1) a
large number oflong and attenuated cellular processes
of Schwann cells, which often enclosed only one or
two axons; and 2) a threefold increase in the number
of Schwann cell-axon units with reduced numbers of
GLOBOID CELL leukodystrophy (GLD) is a genetic
neurologic disorder of infancy caused by the deficiency
of galactosylceramidase which affects both central and
peripheral nervous systems (CNS and PNS).' Demyelin-
ation and infiltration of macrophages are pronounced
neuropathologic features in both the CNS and the PNS.
The twitcher is an authentic murine model ofGLD and
shares the biochemical defect and neuropathologic
changes with human GLD.24 Unlike human GLD,
however, in the twitcher the PNS is more extensively
involved by the pathologic process.2'5
In our immunohistochemical study on the PNS of
the twitcher, we found increased numbers of cellular
processes, immunoreactive with glial fibrillary acidic
protein (GFAP).6 Because many recent reports indi-
cate the presence ofGFAP in unmyelinated Schwann
cells in the PNS,7-'0 we investigated possible quantita-
tive and/or structural alterations of the unmyelinated
fibers in this mutant mouse.
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axons per unit. These results suggested increased
branching of unmyelinated Schwann cells. Mild in-
crease in unmyelinated fibers and mild decrease in my-
elinated fibers were additional features. In contrast, the
sympathetic nerve trunk, which had only small num-
bers of myelinated and rare or no demyelinated fibers,
showed much milder alterations in the unmyelinated
fibers. Thus, the results of our study suggest that the
alterations of the Schwann cells of the unmyelinated
fibers in the twitcher are secondary to or in association
with the chronic demyelinating process. (Am J Pathol
1988, 131:308-319)
Materials and Methods
Tissue Preparation for Electron Microscopy
Mice ofC57BL/6-twi stock were obtained from the
Jackson Laboratory (Bar Harber, Maine) and main-
tained by brother-sister mating of known heterozy-
gotes in our institution. The identification of the ge-
netic status was carried out by the galactosylcerami-
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dase assay on the clipped tail.4 Three twitcher, 2
carrier, and 2 normal littermates were studied at 35
days of age. The animals were perfused via the heart
with 2.5% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4, for 10 minutes under pentobarbital anesthe-
sia. The right common peroneal nerve and the mid-
thoracic sympathetic nerve trunk were dissected and
fixed in the same fixative for 2 more hours. After an
overnight rinse with the 0.1 M phosphate buffer (PB),
pH 7.4, the tissues were fixed with 2% OS04 in PB,
dehydrated with graded ethanol and propylene oxide,
and embedded in Epon. One-micron sections were
stained with toluidine blue. Ultrathin sections were
stained with uranyl acetate and lead citrate and exam-
ined with an electron microscope.
Quantitative Analysis of the Nerve Fibers
Common Peroneal Nerve
The common peroneal nerve is one of the two ma-
jor branches ofthe sciatic nerve and runs some 10 mm
without giving visible branches before it enters the
lower leg between the biceps femoris and the lateral
head of the gastrocnemius. The midpoint of this
branch-free portion of this nerve was used for the
study. The entire transverse section of the common
peroneal nerve was photographed at a magnification
of X1000 with an electron microscope. In the mon-
tages of electron micrographs with a final magnifica-
tion of X3000 that cover the entire cross-sectional
area, diameters of myelinated, demyelinated, and un-
myelinated axons were measured in one twitcher and
one control mouse. Then total numbers of myelin-
ated, demyelinated and unmyelinated axons and pro-
files of the Schwann cell sheaths which contained un-
myelinated axons (Schwann cell-axon units) were
counted manually on the sections from all the
twitcher and control animals. For statistical analysis,
the Student t test or Welch's test were employed.
There were some difficulties in distinguishing small
demyelinated fibers from large unmyelinated fibers
with a 1:1 relationship with a Schwann cell sheath in
the twitcher. However, in control animals myelinated
axons with diameters of 1 p or less and unmyelinated
Schwann cells containing a single axon with a diame-
ter larger than 1 ,u were rare. Also, there was some ten-
dency for unmyelinated fibers to be clustered in cer-
tain regions, rather than individually scattered among
the myelinated fibers. Therefore, we arbitrarily de-
fined a demyelinated fiber as a nerve fiber that is de-
void of myelin, has a 1:1 relationship with a Schwann
cell sheath, has a diameter larger than 1 ,u and is not
located in the midst ofclusters ofunmyelinated fibers.
Sympathetic Nerve Trunk
The thoracic sympathetic nerve trunks of one con-
trol (Normal 2) and two twitchers (1 and 2) were cut
at the midpoint. Both proximal and distal cut surfaces
of these nerves were thin-sectioned. The entire trans-
verse sections of the fascicles were photographed, and
the parameters described above were measured on the
print with a final magnification of X30,000.
Results
Clinical and Gross Anatomic Features
At 35 days of age, the twitcher showed paralysis of
the hind legs, marked generalized tremor, and severe
emaciation. Normal and carrier mice were active and
showed no clinical differences from one another in
their weight and physical activity. On gross anatomic
inspection, marked enlargement of the somatic pe-
ripheral nerves ofthe twitcher was evident. Light- and
electron-microscopic photographs ofthe common pe-
roneal nerves of the twitcher confirmed the differ-
ences in the caliber between the twitcher and control




The common peroneal nerve of controls showed
closely packed myelinated and unmyelinated fibers
(Figure 1), interspaced with blood vessels and some
other endoneurial cellular components. Within the
nerve fascicle, unmyelinated fibers were unevenly dis-
tributed and had some tendency to cluster together in
certain regions. Unmyelinated Schwann cells en-
closed profiles of unmyelinated axons within the peri-
karyal cytoplasm as well as in the processes. We desig-
nated these Schwann cell-axon complexes as the
Schwann cell-axon units. Because some ofthese units
revealed no nucleus in a given section suggesting the
axons within the processes, the number of Schwann
cell-axon units was likely to be higher than the actual
number of Schwann cells. In control mice these units
were generally round or oval in shape.
The common peroneal nerve of the twitcher
showed marked pathologic changes, showing many
demyelinated and remyelinated fibers, large numbers
of macrophages, an increased amount of endoneurial
collagen, and the enlarged endoneurial, as well as
subperineurial spaces (Figure 2). The pathologic
changes of the myelinated fiber in the twitcher have
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Figure 1-An entire transverse section
of the common peroneal nerve of the
control (Carrier 2) (35 day). A montage
of electron micrographs. (x530)
0.
been reported in detail previously.5"',2 Therefore, the
description here is focused on the change ofthe unmy-
elinated fibers only. In general, individual Schwann
cell-axon units of unmyelinated fibers in the twitcher
were smaller and appeared more numerous than
those ofthe controls (Figure 3A). They often lost their
compact oval or rounded appearance and displayed
thin and long processes. On some occasions the pro-
cesses of unmyelinated Schwann cells wrapped
around the myelinated fibers (Figure 3B). Not uncom-
monly the thin, elongated processes of the unmyelin-
ated fibers showed beaded appearance, containing a
single unmyelinated axon within the enlarged seg-
ments which were connected with thin threadlike seg-
ments. Redundant basal laminae were often seen
around the myelinated as well as unmyelinated fibers.
Occasionally unmyelinated axons less than 1 , in di-
ameter were surrounded only by the basal lamina or
partially covered with processes of Schwann cells
within the space surrounded by the basal lamina.
These features suggested that some ofthese unmyelin-
ated axons represented sprouts of degenerated axons.
Quantitative Evaluations
The results of the quantitative analysis of the com-
mon peroneal nerves were shown in Tables 1 and 2
and Figures 4 and 5. Table 1 shows the mean diame-
ters of myelinated, demyelinated, and unmyelinated
axons in a twitcher (3) and a control (Carrier 2). The
diameters of myelinated and unmyelinated axons of
the twitcher were significantly smaller than those of
the control. In the control animal, the range of the
AJP * May 1988






Figure 2-An entire transverse section of the common peroneal nerve of Twitcher 3 (35 day). Cross-sectional area is markedly enlarged, compared with
Figure 1. Endoneurial as well as subperineurial spaces are widened. A montage of electron micrographs. (X530) The area indicated is shown as Figure 3a.
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Figure 3a-This electronmicrograph illustrates the area indicated in Figure 2. Many unmyelinated fibers contain fewer than three axons per unit. Arrows
indicate demyelinated fibers. (x3300) b-Long and attenuated processes of the unmyelinated Schwann cell surround a myelinated axon. Arrows indicate
unmyelinated axons. (x9000)
diameter of myelinated axons was 0.73-6.50 ,. There
were only 19 of 1051 (1.8%) myelinated fibers whose
axonal diameters were equal to or less than 1 ji. In
contrast, of 1000 unmyelinated fibers, there were 29
fibers whose unit had only 1 axon. The range of the
diameter of those 29 axons was 0.23-1.03 it. Among
these, there was only one axon (3.5%) whose diameter
was more than 1 A. In the twitcher, of 000 unmyelin-
ated fibers, there were 85 unmyelinated fibers whose
Schwann cell-axon units had only axon. The range
ofthe diameters of the 85 axons was 0. 13-1.07 ,u, and
the mean diameter of the axons was 0.45 ± 0.18 u
(mean ± standard deviation [SD]), which was similar
to that ofall unmyelinated axons (0.44 ± 0.18 I,, mean
+ SD) in the twitcher.
Figure 4 shows the diameter-frequency distribu-
tions of myelinated and unmyelinated fibers in the
twitcher and the control. Distributions of both my-
elinated and unmyelinated axons showed mild shifts
to the left in the twitcher.
Table 2 shows the numbers of myelinated and un-
myelinated axons and Schwann cell-axon units in
each animal. There were no significant differences be-
tween normal and carrier mice in the numbers of my-
elinated and unmyelinated axons or the Schwann
cell-axon units. There were no demyelinated fibers in
control animals. These results confirmed the unifor-
mity among the members in the control group. In the
twitcher the numbers of "myelinated + demyelin-
ated" axons were slightly but significantly decreased
when compared with those ofthe controls. The num-
ber of unmyelinated axons was slightly increased, but
the increase in the Schwann cell-axon units ofthe un-
myelinated fibers was much greater. Thus, the num-
ber of axons per unit was far less in the twitcher than
in the control.
Figure 5 shows the number-frequency distributions
of unmyelinated axons per Schwann cell-axon unit.
There was an increase in units that contained 10 ax-
ons or less in the twitcher (twitcher, 528 + I 18, versus
control, 127 + 6, mean ± SD). The number of units
that had more than 10 axons was slightly less in the
twitcher (twitcher, 64 + 6, versus control, 82 + 7,
mean ± SD). These results suggest that the processes
of the unmyelinated Schwann cells branched more




The nerve fascicle of the sympathetic nerve trunk
in the control consisted of a large number of unmy-
elinated fibers and a few thinly myelinated fibers.
These fibers were closely packed and separated from
each other only by narrow endoneurial spaces.
The sympathetic nerve trunk of the twitcher
showed mild differences between the two animals ex-
amined. In Twitcher 2 the nerve trunk appeared sim-
ilar to that of the control except for the presence of
intracytoplasmic inclusions in some of the myelinat-
Table 1 -Mean Diameters of Myelinated, Demyelinated, and Unmyelinated Axons in Control
and Twitcher Mice: Common Peroneal Nerve
Unmyelinated fibers
whose unit has only
Axon diameter Myelinated axons Demyelinated axons Unmyelinated axons one axon
Control (Carrier 2)
Diameter in micron
Mean+SD 2.60± 1.09 0.52 +0.19 0.59+0.17
Range 0.73 - 6.50 0.13 - 1.37 0.23 - 1.03
Number 1051 0 1000 29
Twitcher (Twitcher 3)
Diameter in micron
Mean ± SD 2.29 ±1.01 1.72 ± 0.57 0.44 ± 0.18 0.45 ± 0.18
Range 0.37 - 5.83 1.03 - 3.37 0.10 - 1.13 0.13 - 1.07
Number 903 95 1000 85
Comparison of mean diameters
between twitcher and
control P<0.01 P<0.01
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Table 2-Numbers of Myelinated and Unmyelinated Fibers in the Entire Cross-sectional Area in Control
and Twitcher Mice: Common Peroneal Nerve
Myelinated fibers Unmyelinated fibers
Myelinated Demyelinated Unmyelinated Schwann cell- Axons per
axons (A) axons (B) A + B axons axon units unit
Control group
Normal
1 1052 0 1052 1947 205 9.50
2 1043 0 1043 2130 212 10.05
Carrer
1 1034 0 1034 2065 200 10.33
2 1051 0 1051 2149 218 9.85
Mean
2
SD 1045 ± 7 2072 ± 79 209 + 7 9.93 ± 0.35
Twitcher group
Twitcher
1 830 115 945 2991 707 4.23
2 899 72 971 2529 516 4.90
3 903 95 998 2845 714 3.98
Mean ± SD 971 ± 22 2788 ± 193 646 ± 92 4.37 ± 0.48
Comparison between twitcher
and control groups P <0.005 P <0.005 P <0.025 P <0.025
ing Schwann cells. In Twitcher 1, there was a fiber unmyelinated axons (Figure 8B) also showed similar
undergoing demyelination, a few infiltrating macro- patterns between the control and the twitchers, re-
phages, myelinating Schwann cells with intracy- spectively. There were only a few myelinated fibers
toplasmic inclusions, and endoneurial and subperi- both in the control and the twitcher (Table 4). While
neurial spaces were mildly increased (Figures 6 and Twitcher 1 had a single demyelinated fiber, the con-
7). However, Schwann cell-axon units maintained trol and Twitcher 2 had no demyelinated fibers. The
compact profiles, and long and attenuated processes numbers of unmyelinated axons and the mean num-
of Schwann cells were not observed in either bers of axons per Schwann cell-axon unit in these
twitcher. three animals were variable (Table 4), probably be-
cause of some differences in the levels of the fascicles
Quantitative Evaluations sampled. The mean number of axons per unit of
Twitcher 2 was larger and that of Twitcher 1 was
Results on the quantitative analysis of the sympa- smaller than that of the control (Table 4). The num-
thetic nerve trunk were shown in Tables 3 and 4 and ber-frequency distributions of unmyelinated axons
Figures 8 and 9. The mean diameters of myelinated per Schwann cell-axon unit in the control and
and unmyelinated axons were similar in the control Twitcher 2 showed wider distributions, whereas in
and two twitchers, respectively (Table 3). Diameter- Twitcher 1 there were no units containing more than
frequency distributions ofmyelinated (Figure 8A) and 35 axons.
Table 3-Mean Diameters of Myelinated, Demyelinated, and Unmyelinated Axons in a Nerve Fascicle in Control
and Twitcher Mice: Thoracic Sympathetic Trunk
Unmyelinated fibers
Axon diameter Myelinated Demyelinated Unmyelinated whose unit has only
in micron axons axons axons one axon
Control (Normal 2)
Mean±SD 1.13 ±0.28 0.34± 0.19 0.51 ± 0.25
Range 0.50 - 1.70 0.05 - 1.10 0.15-0.88
Number 20 0 1000 1 1
Twitcher 1
Means ± SD 0.97 ± 0.20 0.36 ± 0.19 0.68 ± 0.30
Range 0.45 1.27 1.21 0.06 1.08 0.28-0.98
Number 13 1 1000 8
Twitcher 2
Mean ± SD 0.98 ± 0.23 0.31 ± 0.16 0.80 ± 0.20
Range 0.67 - 1.33 0.07- 1.34 0.58-1.00
Number 11 0 1000 4
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Figure 4-Diameter-frequency distribution of myelinated (with demyelinated) (A) and unmyelinated fibers (B) in the common peroneal nerve. Both histograms
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Figure 5-Number-frequency distributions of unmyelinated axons per Schwann cell-axon unit in the common peroneal nerve. Units with smaller numbers of
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Figure 6-An entire transverse section of the nerve fascicle of the thoracic sympathetic trunk of Twitcher 1 at 35 days of age. Slight dilatation of endoneurial
space is evident. An arrow indicates a demyelinated fiber. (x51 00)
Discussion
Our results clearly showed that pronounced mor-
phologic and quantitative alterations were present in
the unmyelinated fibers in the twitcher mouse. In-
creased Schwann cell-axon units ofthe unmyelinated
fibers with fewer axons suggest increased branching of
the processes of unmyelinated Schwann cells.
In previous studies on the peripheral nerves of the
twitcher, unusually elongated mesoaxons of the un-
myelinated fibers have been observed,2'5 and Duchen
and co-workers2 stated that some unmyelinated axons
were of abnormally elliptical shape in transverse sec-
tions. There also have been quantitative studies on the
numbers of myelinated and unmyelinated fibers in
human GLD'3'5 as well as in the twitcher.5 However,
AJP * May 1988




Figure 7-Higher magnification of the area indicated with * in Figure 6. Myelinated and unmyelinated fibers appear normal. However, inclusions are seen in a
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Table 4-Numbers of Myelinated, Demyelinated, and Unmyelinated Fibers and Schwann Cell-Axon Units in the Entire Cross-sectional
Area of a Nerve Fascicle in Control and Twitcher Mice: Thoracic Sympathetic Trunk
Myelinated Demyelinated Unmyelinated Schwann cell- Axons per
axons (A) axons (B) A + B axons axon units unit
Control (Normal 2) 20 0 20 2117 138 15.34
Twitcher 2 11 0 11 1334 58 23.00
Twitcher 1 13 1 14 1008 101 9.98
no quantitative data on the changes of the Schwann
cell-axon units of the unmyelinated fibers have been
reported.
In our study on the twitcher at 35 days of age, only
10 percent of myelinated fibers were demyelinated,
and the sum of the myelinated and demyelinated fi-
bers was only slightly less than that of the myelinated
fibers in controls. Quantitative analysis of the unmy-
elinated fibers revealed a slight increase in the number
of axons, especially those with smaller diameters, in
the twitcher mice. These results suggested the pres-
ence, but also the minor extent, of axonal degenera-
tion and sprout formation. In their quantitative study,
Bray et al20 showed a sixfold increase in the number
of unmyelinated axons in the cervical sympathetic
trunks of rats 2 weeks after crush injury. However, in
this case there was no increase in the number of
Schwann cell-axon units; thus the number of axons
per unit following injury was increased. Furthermore,
Schwann cells usually display characteristic forma-
tion ofstacked, flattened processes following degener-
ation and loss ofunmyelinated axons. 16-21 In the twit-
cher, neither such a configuration of the Schwann
cells nor degenerating unmyelinated axons were ob-
served. Therefore, secondary axonal degeneration
and axonal sprouts seemed unlikely to contribute
much to the increase in Schwann cell-axon units.
In contrast to the florid alterations in the common
peroneal nerve, the sympathetic nerve trunk of the
twitcher revealed only mild changes both in morpho-
logic and in quantitative evaluation. Ultrastructural
studies showed only intracytoplasmic inclusions in
myelinating Schwann cells in one twitcher and a sin-
gle demyelinated fiber, inclusions in myelinated
Schwann cell and infiltrating macrophages, and
mildly increased endoneurial spaces in the other. No
elongated Schwann cell processes were seen in either
animal. Quantitative analysis corresponded well with
the morphologic results. There were no significant
differences between twitchers and a control in the
mean diameter or in the diameter-frequency distribu-
tion of the myelinated and unmyelinated axons. In
the twitcher mouse that showed relatively advanced
morphologic changes, the mean number ofunmyelin-
ated axons per Schwann cell-axon unit was less than
that in the control, although the difference was not
so large as seen in the Schwann cell-axon unit in the
common peroneal nerve.
These comparisons in the two peripheral nerves,






























Figure 8-Diameter-frequency distributions of myelinated (A) and unmyelin-
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Figure 9-Number-frequency distributions of unmyelinated axons per
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conclusion that the alterations in the unmyelinated
fibers in the twitcher were not the direct consequence
ofthe genetic biochemical defect, but a reaction to the
demyelinating process. The alterations of the unmy-
elinated Schwann cell had some resemblance to those
of the astrocytes in the CNS, which displayed in-
creased branching and enhanced expression of
GFAP.6
In human GLD and other chronic demyelinating
neuropathies, small Schwann cell-axon units of un-
myelinated fibers which contain only one or two ax-
ons or onion bulb-like structures similar to those
found in the twitcher PNS have often been illustrated.
Therefore, the alterations of unmyelinated fibers re-
ported here in the twitcher PNS are likely to be a gen-
eralized phenomenon occurring in chronic demyelin-
ating neuropathies.
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